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ABSTRACT
The relationship between X-ray and UV emission during flares, particularly in the context of quasi-
periodic pulsations, remains unclear. To address this, we study the impulsive X-ray and UV emission
during the eruptive flare of 2011 June 7 utilising X-ray imaging from RHESSI and UV 1700A˚ imaging
from SDO/AIA. This event is associated with quasi-periodic pulsations in X-ray and possibly UV
emission, as well as substantial parallel and perpendicular motion of the hard X-ray footpoints.
The motion of the footpoints parallel to the flare ribbons is unusual; it is shown to reverse direction
on at least two occasions. However, there is no associated short-timescale motion of the UV bright
regions. Over the same time interval, the footpoints also gradually move apart at v ≈ 12 km/s,
consistent with the gradual outward expansion of the UV ribbons and the standard flare model.
Additionally, we find that the locations of the brightest X-ray and UV regions are different, particularly
during the early portion of the flare impulsive phase, despite their integrated emission being strongly
correlated in time. Correlation analysis of measured flare properties, such as the footpoint separation,
flare shear, photospheric magnetic field and coronal reconnection rate, reveals that - in the impulsive
phase - the 25 - 50 keV hard X-ray flux is only weakly correlated with these properties, in contrast to
previous studies.
We characterise this event in terms of long-term behaviour, where the X-ray nonthermal, thermal,
and UV emission sources appear temporally and spatially consistent, and short-term behaviour, where
the emission sources are inconsistent and quasi-periodic pulsations are a dominant feature requiring
explanation. We suggest that the short timescale behaviour of hard X-ray footpoints, and the nature
of the observed quasi-periodic pulsations, is determined by fundamental, as-yet unobserved properties
of the reconnection region and particle acceleration sites. This presents a challenge for current three-
dimensional flare reconnection models.
Subject headings: Sun: corona - Sun: flares
1. INTRODUCTION
A complete understanding of the energy release pro-
cess that causes solar flares remains elusive. In the stan-
dard CSHKP model (Carmichael 1964; Hirayama 1974;
Sturrock 1966; Kopp & Pneuman 1976) the advent of
magnetic reconnection in the solar corona releases sub-
stantial energy, generating emission over a wide spec-
trum, from radio waves and microwaves to X-rays and
gamma-rays. However, the exact circumstances that lead
to a flare occuring remain the subject of active study.
One of the main characteristics of flares is the accelera-
tion of particles, which propagate along field lines to the
chromosphere and interact according to the thick target
model (Brown 1971), generating bremsstrahlung radia-
tion which is observed in the hard X-ray regime. Ob-
servations of hard X-ray emission from Yohkoh and the
Reuven Ramaty High Energy Solar Spectroscopic Imager
(RHESSI; Lin et al. 2002) have shown that this emission
generally takes the form of two footpoints separated by
the magnetic neutral line. Furthermore, many studies
have shown that these footpoints often move significantly
over time during the flare (e.g. Fletcher & Hudson 2002;
Krucker et al. 2003; Grigis & Benz 2005; Bogachev et al.
2005; Krucker et al. 2005; Yang et al. 2009; Liu et al.
2009; Inglis & Dennis 2012). This motion can be par-
allel to the magnetic neutral line, perpendicular, or a
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combination of the two (e.g. Yang et al. 2009, classified
the motion of a number of events), with typical veloci-
ties in the range 20 - 200 km s−1 (Krucker et al. 2003,
2005). Similar footpoint motions are observed at other
wavelengths, such as white light and ultraviolet (e.g.
Chen & Ding 2006; Fletcher 2009). These motions com-
plicate the understanding of the flare process, as they im-
ply either the movement of the flare reconnection site or
the existence of many distinct reconnection events during
a flare. For a recent review of solar flare X-ray observa-
tions, see Holman et al. (2011).
The ultraviolet (UV) emission from flares often takes
the form of two elongated ribbons aligned approximately
parallel to the neutral line (e.g. Saba et al. 2006). This
ribbon emission is thought to originate from the solar
chromosphere, and the exact ribbon morphology is de-
pendent on the magnetic configuration of the active re-
gion (e.g. Demoulin et al. 1997). The emission mecha-
nism responsible for producing UV and optical flare emis-
sion is not yet well-understood. One scenario is that elec-
tron beams directly heat the lower solar atmosphere (e.g.
Najita & Orrall 1970; Hudson 1972), however it has been
shown that only very energetic electrons could penetrate
to the lower atmosphere and contribute to direct heat-
ing. Alternatively, it has been proposed that electron
beams deposit their energy in the upper chromosphere,
and that this energy is subsequently transferred to the
lower chromosphere and photosphere via ‘radiative back-
warming’ (e.g. Metcalf et al. 1990; Ding et al. 2003). For
2a discussion of the proposed mechanisms for optical and
UV emission during flares see Xu et al. (2006); see also
Qiu et al. (2010, 2013) for recent studies of the relation-
ship between UV emission and hard X-ray sources. A
full review of the observational properties of flares may
be found in Fletcher et al. (2011).
Another common characteristic of flares is the pres-
ence of quasi-periodic pulsations (QPP) in the flare
lightcurves. This phenomenon has been observed for sev-
eral decades (e.g. Parks & Winckler 1969; Chiu 1970),
and recent observations have provided examples of
QPP throughout the electromagnetic spectrum (e.g.
Asai et al. 2001; Grechnev et al. 2003; Grigis & Benz
2005; Foullon et al. 2005; Melnikov et al. 2005; Li & Gan
2008; Inglis et al. 2008; Zimovets & Struminsky 2009;
Nakariakov et al. 2010; Reznikova & Shibasaki 2011;
Inglis & Dennis 2012). The nature of QPP remains de-
bated. One possibility is that they are a manifesta-
tion of magnetohydrodynamic (MHD) wave processes
excited in flare sites, which allows for the estimation
of solar plasma parameters via coronal seismology. Al-
ternatively, QPP may be a fundamental signature of
the energy release process during flares, which may oc-
cur in a bursty fashion (e.g. Linton & Longcope 2006;
Guidoni & Longcope 2011; McLaughlin et al. 2012a), see
Nakariakov & Melnikov (2009) for a full review. In ei-
ther case, explanations of QPP must be reconciled with
the observed sub-sonic motions of X-ray footpoints and
current 3-dimensional flare models.
In this work we present observations of the hard X-
ray and UV emission during the 2011 June 7 flare
(IAU standard: SOL2011-06-07T06:24:00L045C112, see
Leibacher et al. 2010, for more details), an event of
GOES-class M2.6 which originated from active region
AR 11226 at 06:24 UT. This event featured remark-
able motions of the hard X-ray footpoints during the
impulsive phase, and also exhibited QPP in the X-ray
lightcurves. The UV emission takes the form of two
elongated ribbons, in which evidence of QPP was also
observed. In addition, this event was a spectacular erup-
tion, featuring the ejection of a large amount of promi-
nence material, much of which failed to escape from
the Sun’s gravitational influence and returned to the so-
lar surface. This ejected material has been previously
studied by Innes et al. (2012), Williams et al. (2013)
and Gilbert et al. (2013). The flare was also shown by
Li et al. (2012) to be the source of a globally propagating
EUV wave, and was shown by Fermi-LAT collaboration
(2013) to be the source of substantial post-flare gamma-
ray emission.
2. THE EVENT: 2011 JUNE 7
2.1. X-ray lightcurves
This flare was observed in the X-ray regime by
both RHESSI and the Fermi Gamma-Ray Burst Mon-
itor (GBM; Meegan et al. 2009). Figure 1 shows the
lightcurves from both instruments over a range of en-
ergies. Here, data from one of the more sunward-pointed
GBM detectors is shown (detector 1 in this case), while
the RHESSI data are averaged over all nine of its detec-
tors. As expected, a close correlation between these two
datasets is evident, as are a number of lightcurve peaks.
The differences in count rates observed by Fermi/GBM
Fig. 1.— Lightcurve of the 2011 June 7 flare as observed by
various instruments. Top panel: X-ray count rates observed by
Fermi/GBM in a range of energies. Center panel: X-ray count
rates observed by RHESSI over a range of energies. Bottom panel:
Normalised EVE/ESP fluxes from three of the observing channels.
The numerals in the top panel denote clearly identifiable pulses in
the hard X-ray emission.
relative to RHESSI are partly due to the angle between
the chosen GBM detector and the Sun, and also due
to the application of attenuators on board the RHESSI
spacecraft, which automatically cover its detectors dur-
ing periods of strong activity, reducing count rates. An
additional consequence of this is that the GBM detectors,
lacking attenuators, are more susceptible to pulse-pileup
effects at low energies during periods of high count rates,
i.e. strong flares. The bottom panel of Figure 1 shows
lightcurves obtained from the EVE/ESP (Woods et al.
2012) instrument on board the Solar Dynamics Observa-
tory (SDO; Pesnell et al. 2012), where the flux has been
re-binned to a 2 s cadence to improve the signal-to-noise
ratio.
In hard X-rays, the strongest emission peak occurs
at 06:25:45 UT, observed in almost all of the energy
channels shown in Figure 1. This is followed by a pe-
riod of bursty hard X-ray emission during which sev-
eral lightcurve peaks are observed, continuing until ap-
proximately 06:41 UT. For reference we number these
peaks 1 - 10 as shown in Figure 1. The appearance of
such pulsations is important; it suggests either the dy-
namic and possibly periodic variation of parameters in
the flare reconnection or particle acceleration sites, or
the triggering of a secondary mechanism within the flare
which is capable of modulating broadband flare emis-
sion (Nakariakov & Melnikov 2009). Moreover, the rela-
tionship between the properties of X-ray pulsations and
the behaviour of X-ray footpoints and other observable
flare parameters remains unclear, despite recent stud-
ies (e.g. Nakariakov & Zimovets 2011; Inglis & Dennis
32012). Exploring this relationship provides one of the
main motivations of the present work.
Previous studies have suggested there may be strong
correlations between the EUV and hard X-ray signatures
of QPP during flares (Dolla et al. 2012). In the EUV
regime as observed by EVE, there appear to be coun-
terparts to some of the hard X-ray peaks, particularly
peaks 1 - 4. At later times the situation becomes less
clear; the thermal emission becomes complex and decor-
related from the hard X-ray emission. This decorrela-
tion may be due to the ejection of prominence material
and secondary heating of the active region during this
event, which may account for a substantial fraction of
the spatially-integrated emission observed by EVE.
2.2. X-ray footpoint motions
In order to investigate the motion of the hard X-ray
footpoints, we follow the approach of Inglis & Dennis
(2012), who analysed footpoint progression in three flares
observed by RHESSI. Here, we summarize the key points
of the method.
Firstly, a sequence of RHESSI images is generated us-
ing the CLEAN algorithm (Hurford et al. 2002). For the
2011 June 7 event, the 25 - 50 keV energy range is cho-
sen, corresponding to the non-thermal X-ray regime for
this event, and the images are reconstructed using a 12
s cadence. Each image frame is divided into two sec-
tions, with the divider running between the two flare
ribbons, approximately along the neutral line. At this
stage, image frames for which the flux in either sec-
tion of the frame falls below a threshold of 10 counts
s−1 cm−2 are removed. For the remaining images, the
point of peak emission is located in each image sec-
tion. Taking peak flux location instead of flux centroids
leads to increased scatter in the measured footpoint loca-
tions. However, as mentioned by e.g. Fletcher & Hudson
(2002); Dennis & Pernak (2009), in strong flares centroid
locations can often be adversely affected by background
X-ray emission in an image, leading to systematic shifts
in estimated footpoint location.
A visual examination of the RHESSI images reveals
that, although the majority of image frames show two
compact X-ray sources, in some image frames extended
or multiple sources are present. This may be partly due
to the relatively long 12 s time integration, which may
result in two temporally separate sources appearing in
the same image. Hence, for these frames the method
described above can be considered as an approximation
which provides the location of the brightest hard X-ray
source in each image section.
The footpoint locations are shown in Figure 2. Panel
a) shows the motion of the footpoints over the entire time
duration of the flare in hard X-rays, between 06:23 - 06:41
UT. Beyond 06:41 UT the flare impulsive phase ends and
the 25-50 keV emission falls below our established imag-
ing threshold for reliably reconstructing RHESSI images
(see Dennis & Pernak 2009, for a thorough discussion
of RHESSI imaging techniques and desired conditions).
The footpoint colours progress in time from blue (start
time) to red (end time).
Additionally, the location of the thermal X-ray emis-
sion is found by generating CLEAN images in the 6 -
12 keV energy range, locating the emission peak for each
frame. In flares, thermal X-rays are emitted from plasma
loops which have been heated due to energy release, of-
ten via chromospheric evaporation. Panel b) illustrates
the behaviour of the thermal (6-12 keV) X-ray source be-
tween 06:23 - 06:45 UT. The source is observed to move
smoothly towards solar west as a function of time. Con-
sidering the orientation of the flare arcade and the line of
sight angle, there appears to be a component of motion
along the arcade in addition to an increase in height of
the thermal emission.
Let us refer to the left-hand (Eastern) footpoint as F1,
and to the right-hand (Western) footpoint as F2. In the
remaining panels of Figure 2 the motions of each foot-
point have been highlighted at select time intervals for
clarity. In order to best highlight their respective mo-
tions, these intervals differ slightly for the two footpoints.
Panels c) - f) illustrate the behaviour of F1, where the
intervals are as follows: c) 06:25 - 06:27 UT, d) 06:27 -
06:30 UT, e) 06:34 - 06:37:30 UT, f) 06:37:30 - 06:40 UT.
Panels g) - j) illustrate the behaviour of F2 during the
following intervals: g) 06:25-06:27:30 UT, h) 06:27:30 -
06:30 UT, i) 06:32:30 - 06:36 UT, j) 06:36 - 06:40 UT.
Initially (Figure 2c) the motion of F1 is scattered, but
shows some evidence of motion to the solar northwest.
In Figure 2d, F1 appears to move generally towards the
solar southeast, while in Figure 2e the situation is re-
versed, with F1 moving towards the solar northwest. In
both time intervals the distance covered is approximately
13 Mm along the flare ribbon. The motion is reversed
for a second time between 06:37 - 06:41 UT (Figure 2f),
where the footpoint moves towards solar southeast once
more, this time covering a smaller distance of ≈ 8 Mm.
From this we find that the mean velocity of F1 be-
tween 06:27 - 06:31 UT is v‖ ≈ 55 km/s, while it is v‖
≈ 36 km/s between 06:31 - 06:37 UT and v‖ ≈ 33 km/s
between 06:37 - 06:41. These values are in agreement
with previous observations of footpoint velocities along
ribbons (e.g. Krucker et al. 2003; Grigis & Benz 2005;
Inglis & Dennis 2012).
The behaviour of F2 is less clear. In panel 2g there
is no clear trend of footpoint motion; instead the loca-
tions of the footpoints are distributed randomly along
the flare ribbon. In Figure 2h there is some evidence
that F2 moves towards the solar northwest, covering ap-
proximately 10 Mm. Figure 2i again shows no clear trend
of motion, while the clearest motion for F2 is observed
in Figure 2j, where the footpoint moves toward the so-
lar northwest again. Here, the displacement is approxi-
mately 10 Mm, with a mean velocity of v‖ ≈ 42 km/s.
The out-of-sync behaviour of the two footpoints is not
unusual during flares (Fletcher et al. 2011).
Similarly, using the thermal source locations (discount-
ing sources present prior to the mean impulsive peak at
06:25:45 UT), the plane-of-sky velocity of the thermal
emission may be estimated. Between 06:26 - 06:45 UT
we find that the plane of sky displacement is ≈ 15 Mm
(see Figure 3), leading to a mean plane-of sky velocity of
≈ 13 km/s.
2.3. Flare arcade and magnetic field measurements
In order to further investigate the properties of this
flare, it is useful at to define a number of reference points
and parameters. Firstly, we can approximate the flare
ribbons seen in the 1700A˚ images with two near-parallel
4Fig. 2.— a) Hard X-ray footpoint locations in the 25-50 keV range as a function of time during the 2011 June 07 eruption, as observed
by RHESSI. The footpoint locations are denoted by the coloured markers, while the background image is taken by AIA at 06:31:19 UT in
the 1700A˚ range. In each panel the footpoint colours progress from blue (start time) to red (end time). b) Locations of the thermal X-ray
source in the 6-12 keV energy band as a function of time. c)-f): These four panels show the movement of the left-hand footpoint (F1) at
different time intervals as follows: c) 06:25 - 06:27 UT, d) 06:27 - 06:30 UT, e) 06:34 - 06:37:30, and f) 06:37:30 - 06:40 UT. Panels g)-j):
show the movement of the right-hand footpoint (F2) at different time intervals as follows: g) 06:25 - 06:27:30 UT, h) 06:27:30 - 06:30 UT,
i) 06:32:30 - 06:36 UT, j) 06:36 - 06:40 UT. Note that the time intervals differ slightly between the two footpoints.
lines as shown in Figure 3a. The neutral line for this
event runs almost parallel to and in-between these de-
fined ribbon lines. It is also convenient at this point
to introduce the concept of “flare shear” as defined by
Ji et al. (2007), which is the angle formed by a line con-
necting two flare footpoints and a line perpendicular to
the neutral line. This is distinct from the magnetic shear,
which is estimated from vector magnetogram data. Here,
the line of zero flare shear is estimated and illustrated by
the dashed green line in Figure 3, where the angle sub-
tended by this line from the East-West line is 34◦. Using
these defined lines as reference points, we investigate the
evolution of the footpoint location, separation, and flare
shear angle.
Photospheric magnetic field measurements are also
available for this flare from the Heliospheric Magnetic
Imager (HMI) on board SDO. Figure 3b shows the line-
of-sight (LOS) magnetic field strength, with the same ref-
erence points overlayed as Figure 3a. The red contours
highlight areas of strong positive polarity, while the blue
contours highlight strongly negative field strength areas.
From the HMI data, we estimate the magnetic field
5Fig. 3.— a) The locations of the hard X-ray footpoints during the ten peaks identified in Figure 1. The two cyan lines represent
an approximation of the ribbon locations at the onset of the flare (06:24 UT). The background is an AIA 1700A˚ image illustrating the
flare ribbons. b) Same X-ray footpoint locations as a), overlayed on a SDO/HMI line-of-sight magnetogram. The red contours highlight
strong positive polarity regions, the blue contours highlight strong negative regions. c)-j) Various flare properties as a function of time.
c) Movement of sources F1 (red) and F2 (blue), where the distance of each footpoint is calculated from an arbitrary start point. The
start points are located to the solar southeast, directly along the ribbon lines illustrated in panel a). d) Distance of F1 and F2 from
their respective ribbon lines, as indicated in panel a). e) Plane-of-sky motion of the thermal 6-12 keV source from an arbitrary starting
coordinate located to the solar southeast. f) Line-of-sight photospheric magnetic field beneath F1 (red) and F2 (blue). g) Ratio of the
photospheric magnetic field underneath F1 and F2. h) Coronal reconnection rate Erec = vfpBph. i) Separation of the two footpoints F1
and F2. j) Variation of the flare shear angle between F1 and F2.
6strength underneath each hard X-ray footpoint as a func-
tion of time. In order to account for the uncertainty in
the footpoint location, the magnetic field is averaged lo-
cally over a 7x7 pixel region centered on each footpoint
location, corresponding approximately to the ± 2” un-
certainty associated with the footpoint locations.
Measurement of the photospheric field also enables an
estimate of the coronal reconnection rate Erec = vfpBph
(e.g. Qiu et al. 2004; Fletcher et al. 2004; Krucker et al.
2005; Temmer et al. 2007; Fletcher 2009). Although this
simple relation between Erec, footpoint velocity and pho-
tospheric magnetic field strength should only hold in 2 -
2.5D scenarios (Fletcher 2009; Fletcher et al. 2011), sev-
eral studies have shown correlations between this quan-
tity and the flare flux (for example Krucker et al. 2005).
In Figures 3c-3j we estimate the parameters described
above as a function of time. Figure 3c shows the distance
of F1 (red) and F2 (blue) from an arbitrary start point as
a function of time. These start points are located directly
along the ribbon lines as shown in Figure 3a, where they
are chosen to be far to the solar southeast. This clarifies
the reversal of the footpoint parallel motion, particularly
for F1. For example, between 06:25 - 06:27 UT there is
a substantial increase of 10 Mm in F1 distance along the
ribbon. This motion is reversed during the interval 06:27
- 06:30 UT. Between 06:30 - 06:32 UT reliable imaging is
not available due to the low X-ray count rates at those
times. This is followed at 06:32 UT by some discontinu-
ous motion of F1. Subsequently, between 06:33 - 06:37:30
UT the distance to the footpoint increases again, before
reversing direction again at 06:37:30 UT. The behaviour
of F2 is similar in the 06:33 - 06:37:30 UT interval, al-
though whether there is a systematic trend in direction
is debatable. Beyond 06:37:30 UT, F2 exhibits its clear-
est motion in a single direction, with the distance to the
footpoint increasing steadily until the end of the obser-
vation interval at 06:40 UT - the opposite motion from
that observed in F1.
Meanwhile, Figure 3d shows that, in addition to the
motions observed along the flare ribbons, both footpoints
move gradually apart, with a displacement of approxi-
mately 6 Mm each between 06:24 and 06:40 UT. The
figure shows the increasing distance of F1 and F2 from
the ribbon lines over time, where the closest approach to
the ribbon lines defined in Figure 3a is calculated at each
time interval. Hence, some scatter of the points should
be expected as F1 and F2 move along the ribbons. From
Figure 3d we find that v ≈ 6 km/s for footpoint, hence
the two footpoints are separating at a relative rate of
v⊥ ≈ 12 km/s. This is interesting to compare with the
plane-of-sky motion of the thermal X-ray source (Figure
3e). From context images we can determine that the ap-
parent location of the thermal source close to the west
ribbon is purely a line-of-sight effect due to the angle
of observation and the location of the active region near
the limb. Nevertheless, the thermal source potentially
has components of motion both along the flare arcade
- particularly in the early phase - and outward or up-
ward. Such motions of the thermal source along the ar-
cade have been observed before (Lee & Gary 2008), but
in this event it is difficult to disambiguate the possible
directions of motion.
Figures 3f, 3g and 3h show the photospheric magnetic
field strength beneath the hard X-ray footpoints, and the
derived coronal reconnection rate Erec, which is obtained
by averaging the measurements of vfpBph for each foot-
point (Qiu et al. 2004). Figure 3f shows that, with the
exception of the last few minutes of impulsive emission,
the photospheric field associated with F1 is consistently
weaker than that associated with F2, with a mean ratio
of ≈ -0.5.
The separation of the footpoints is plotted as a function
of time in Figure 3i, where we measure the trigonomet-
ric distance between the locations of F1 and F2 at each
time interval. Meanwhile, Figure 3j shows the estimated
flare shear angle between the two footpoints, where the
shear is estimated as the deviation in degrees from the
zero flare shear line shown in Figure 3a (Ji et al. 2007).
There is no clear trend in the measurement of the flare
shear, except for a sharp decrease in the shear from 06:35
UT onwards. Since it is the trigonometric separation of
the hard X-ray footpoints that we measure in Figure 3i,
this decrease in flare shear has the apparent effect of
counterbalancing the gradual separation of the flare rib-
bons, the relatively flat separation between 06:32 - 06:38
UT.
2.4. Ultraviolet ribbons
In this section we examine the flare ribbons observed in
the 1700A˚ ultraviolet continuum channel by AIA. These
ribbons gradually move apart during the flare at a rate
of v ≈ 12 km/s in tandem with the outward expansion
of the hard X-ray footpoints. Hence, in order to capture
the ribbon intensity at all image times, two regions are
defined on the AIA image which represent the boundaries
of each ribbon area (Figure 4). We define these areas as
A and B. Within these areas, we integrate over the solar
East-West direction (x) in order to find the intensity of
the ribbon as a function of the solar North-South direc-
tion (y). By repeating this process for each image frame,
we create the time-distance plots shown in Figure 5.
It can be seen that the intensity along the ribbons is
not uniform, consisting of distinct bright and dark areas
in each case. In ribbon A for example, there are three
clear brighter areas. The first lies near the southern end
of the ribbon, while the second encompasses a substan-
tial part of the ribbon center and the third is found at
the northern end of the ribbon. The dashed lines in Fig-
ure 5 track the position of these features as a function
of time, showing that they remain consistently located
throughout the flare. Each feature displays a displace-
ment of a few arcseconds towards the ribbon’s northern
end. This behaviour can be explained by the fact that
the ribbon motion is not purely in the solar East-West
direction which we have integrated over; there is an ad-
ditional component in the North-South direction, as the
ribbons expand outward from the magnetic neutral line.
In Figure 5 the timing of each pulse observed in hard
X-rays (see Figure 1) is denoted by the vertical dotted
lines in each panel. Figure 5c shows the total intensity
of each ribbon as a function of time. From this it can
be seen that, generally speaking, the hard X-ray peaks
correspond to brightenings in the UV ribbon intensity,
indicating a link between the UV brightenings and par-
ticle acceleration. However, as has been noted, this link
remains unclear, and UV emission may also be generated
by other effects (e.g. Xu et al. 2006; Qiu et al. 2010).
Peaks 1-3 are particularly well correlated with counter-
7Fig. 4.— SDO/AIA 1700A˚ image showing the two ultraviolet
ribbons during the 2011 June 7 flare. The two parallelograms de-
note the user-defined areas of the left-hand (A) and right-hand
(B) ribbon. These areas encompass the bright ribbons at all time
intervals.
parts in the UV emission. The valley in X-ray emission
seen between 06:30 - 06:32 UT - which separates peaks
4 and 5 - is also clearly replicated in the UV emission
intensity of each ribbon.
Overlaid on Figure 5a and Figure 5b are the positions
of the hard X-ray source associated with each ribbon.
This illustrates that for both ribbon A and B the hard
X-ray footpoints are confined to the central, bright rib-
bon areas. However, the hard X-ray footpoint locations
are not in general cospatial with the brightest points in
the UV ribbons. For peaks 1-4 there is a clear offset for
both ribbons between the hard X-ray and UV peak loca-
tions. For the remaining peaks the situation is less clear.
In ribbon A the offset continues for peaks 5-7, whereas
peaks 8-10 are approximately cospatial. In ribbon B,
the UV ribbon is more diffuse, making the comparison
of peak emission locations difficult.
To further illustrate the offset between the hard X-
ray and UV emission, we find the point of maximum
UV intensity in each ribbon as a function of time. In
Figure 6 we compare these points with the positions of
the hard X-ray footpoints, restricting our attention to the
y-direction along each ribbon. The comparison between
F1 and the left-hand UV ribbon is shown in red, while
F2 and the right-hand UV ribbon are shown in blue.
Between 06:24 - 06:30 the offset between the UV and
hard X-ray peak positions is evident in both ribbons,
with a larger deviation for ribbon A. Dividing the data
into two components is instructive. For this purpose we
define the ‘first phase’ as between 06:24 - 06:30 UT, and
a ‘second phase’ between 06:32 and 06:40 UT. For each
phase, we investigate the distribution of the offsets be-
tween the X-ray and EUV emission.
In the ‘first phase’ we find that, for ribbon A, the mean
offset O¯A1 = 5.1”, with a standard deviation of σA1 =
8.6”. Meanwhile, for ribbon B we find the offset O¯B1 =
-2.4”, with standard deviation σB1 = 3.7”.
For the ‘second phase’ we exclude the five outlying
points observed at around 06:32 UT in ribbon A. Then,
repeating the analysis for the ‘second phase’ we find that
O¯A2 = -0.07”, with standard deviation σA2 = 4.0”, while
O¯B2 = -1.5” with standard deviation σB2 = 5.9”. Hence,
for ribbon A a clear difference between the first and sec-
ond phases is observed. For ribbon B, the offset also
decreases during the second phase, while the standard
deviation of the distribution is increased.
This change in relative location may be considered in
the context of the behaviour of the hard X-ray and UV
lightcurves, which show a substantial dip between 06:30
- 06:32 UT (see Figures 1 and 5c), before a second phase
of enhanced emission after 06:32 UT. One explanation
is that this flare is in fact composed of two distinct ele-
ments.
Hence, although there is a temporal correlation be-
tween the UV ribbon intensity and the hard X-ray flux
during the 2011 June 7 event (see also Figure 7, the
spatial relationship between them is less clear. This
is consistent with previous observations of UV ribbons
and hard X-ray sources (e.g. Alexander & Coyner 2006;
Fletcher et al. 2011), but different from previous obser-
vations of “white light” emission during flares, which
have generally been shown to be closely correlated in
space with hard X-rays (Hudson et al. 2006). This re-
inforces the idea that a single mechanism cannot be re-
sponsible for the observed emission at these wavelengths.
2.5. Correlations between parameters
The relationship between the various measurable flare
parameters provide clues towards explaining the ob-
served X-ray and UV emission in this flare. For exam-
ple, Fletcher & Hudson (2002) suggested that the hard
X-ray flux may be linked to the footpoint behaviour,
while Sui et al. (2004) presented evidence that the hard
X-ray flux above 25 keV was correlated with the mo-
tion of thermal looptop sources during three flares. Also,
Krucker et al. (2005) presented evidence that the hard
X-ray flux in flares was correlated with Erec, the coronal
reconnection rate as estimated from observations of the
photospheric magnetic field and the footpoint velocity, a
result that has been replicated by a number of additional
studies (e.g. Temmer et al. 2007). Further examples of
investigations into flare parameter correlations include
Veronig et al. (2006); Fletcher (2009); Liu et al. (2009);
Warmuth & Mann (2013). Exploring such correlations
in the context of X-ray pulsations also allows us to test
the validity of current explanations of QPP.
The relationship between parameters can be investi-
gated utilising the Spearman rank correlation coefficient.
The Spearman coefficient is calculated by assigning ranks
xi and yi to the values of the variables X and Y (e.g. the
lowest value of X would be assigned rank 1, the next-
lowest rank 2 etc.). If two values are equal then they are
assigned an average rank. The coefficient is then calcu-
lated as
ρ =
∑
i(xi − x¯)(yi − y¯)√∑
i(xi − x¯)
2
∑
i(yi − y¯)
2
. (1)
A feature of the Spearman coefficient is that it is non-
parametric; a perfectly linear correlation between two
8Fig. 5.— Panels a) and b): Time-distance plots of the left-hand and right-hand ribbons, as observed at 1700A˚ by AIA. For each ribbon,
the x-coordinate has been integrated over to provide the intensity as a function of y. The vertical dotted lines illustrate the timing of each
pulse observed in the hard X-ray lightcurves by RHESSI. The overlaid crosses in each panel denote the y-position as a function of time of
the hard X-ray source associated with the respective ribbon. For image clarity the uncertainties on the hard X-ray source locations are not
displayed. c): The total intensity of ribbon A (red) and ribbon B (blue) as a function of time. The vertical dotted lines illustrate the hard
X-ray pulse timings.
Fig. 6.— Top: Difference between the position of the hard X-ray
footpoint sources along the ribbon and the position of the brightest
point in the corresponding UV ribbon. The difference between the
location of F1 and the left-hand UV ribbon (A) maximum is shown
in red (stars), while the difference between F2 and the right-hand
UV ribbon (B) maximum is shown in blue (diamonds). Bottom:
Same as the top panel, but with a zoomed y-axis.
variables X and Y is not required in order to find ρ = 1.
Instead, ρ= 1 indicates a monotonic dependence between
X and Y .
Figure 7 shows the correlation between a number of
different flare parameters during this event, during the
time interval 06:24 - 06:40 UT. Panels a) and b) high-
light the similarity of the integrated hard X-ray and UV
ribbon emission as a function of time. We find that ρ =
0.82 and ρ = 0.83 for ribbon A and ribbon B respectively,
indicating a strong correlation.
The remaining flare arcade parameters are less clearly
correlated. For these parameters, we consider both the
full set of measurements taken between 06:24 - 06:40 UT,
and a subset of these measurements from the ‘first phase’
of the event, encompassing the time interval 06:24 - 06:30
UT. This subset is marked in green in Figure 7. Panels c)
and d) test the relationship between the 25-50 keV hard
X-ray emission and the motion parallel to the ribbons of
footpoints F1 and F2. In both cases, the correlation is
weak, with ρ = - 0.41 for F1, and ρ = -0.29 for F2. The
result is similar when only the ‘first phase’ is considered.
In this case we find instead ρ = -0.38 and ρ = -0.31.
The remaining four panels represent null results: pan-
els e), f), g) and h) show almost no correlation between
the hard X-ray count rates and the photospheric mag-
9Fig. 7.— Correlations between various measured parameters of
the 2011 June 7 flare arcade, as measured between 06:24 and 06:40
UT. a) RHESSI hard X-ray count rates at 25-50 keV versus the UV
intensity from ribbon A; b) 25-50 keV X-ray count rates versus UV
intensity from ribbon B; c) 25-50 keV X-ray count rates versus po-
sition of X-ray footpoint F1; d) 25-50 keV X-ray count rates versus
position of X-ray footpoint F2; e) 25- 50 keV X-ray count rates
versus estimated flare shear angle; f) 25-50 keV X-ray count rates
versus X-ray footpoint separation; g) 25- 50 keV X-ray count rates
versus photospheric magnetic field beneath F1 (for brevity, F2 is
not shown). h) 25-50 keV X-ray count rates versus estimated coro-
nal reconnection rate Erec. The green data denotes measurements
made during the ‘first phase’ of the flare, between 06:24 - 06:30
UT. The Spearman rank coefficients are also calculated for these
smaller samples, and are marked in green.
netic field, Erec, the flare shear or the footpoint sepa-
ration, either in the first phase or over the full event
interval. The absence of correlation between the mag-
netic field data and the X-ray count rates contrasts with
previous observations of flares (e.g. Krucker et al. 2005;
Temmer et al. 2007; Qiu et al. 2009) where a relationship
has been found. However, it should not be too surpris-
ing that an observable relationship is absent from the
2011 June 7 flare; as pointed out by Fletcher (2009);
Fletcher et al. (2011) the quantity vfpBph is directly re-
lated to the coronal field only in 2-dimensional scenar-
ios. During the flare impulsive phase, the situation is
clearly more complex, and the relationship between the
photospheric and the coronal magnetic field is unclear.
Additionally, the uncertainties associated with studying
short time-scale lightcurve features such as QPP make
the unmasking of any relationships more difficult.
From Figure 7 it can be concluded that the X-ray and
UV lightcurves, although strongly correlated with each
other - particularly interesting in the context of QPP in
hard X-rays - are only weakly dependent on the other
observed arcade parameters. This is further complicated
by the observation in Section 2.4 that the hard X-ray
and UV brightest points are offset, particularly during
the early portion of the event.
This weak correlation between X-ray count rates
and footpoint properties builds on the conclusions of
Inglis & Dennis (2012), who compared the interval be-
tween X-ray pulses with the footpoint separation and ve-
locity as a function of time for three flares. No clear link
between these observables was found. For the 2011 June
7 event, we also observe QPP in hard X-ray emission
that are apparently not associated with any clear spatial
pattern (see Figure 3 and Figure 7). Furthermore, given
the general correlation between the hard X-ray and UV
emission during this flare (see Figure 5), it is possible
that QPP are also present in the UV ribbon emission -
this possiblity cannot be definitively resolved due to the
limited time resolution of SDO/AIA.
The lack of correlation between the temporal and spa-
tial emission suggests that, at least for this flare, QPP are
not caused by a secondary effect such as the excitation
of waves, and may instead be a fundamental signature of
the flare energy release.
3. DISCUSSION AND CONCLUSIONS
We have studied the hard X-ray and UV emission dur-
ing the impulsive phase of the 2011 June 7 solar flare,
utilising data from the RHESSI and SDO/AIA instru-
ments. We have focused on three main features of inter-
est during this event; 1) The presence of QPP in the in-
tegrated flare lightcurves, 2) The presence of substantial
and unusual hard X-ray footpoint motions, and 3) The
presence of two UV ribbons, which also exhibit QPP in
their integrated lightcurves. The spatial and temporal
behaviour of this emission provides us with clues as to
the fundamental nature of flares.
Firstly, we have shown the presence of hard X-ray foot-
point motion reversal during the 2011 June 7 flare. The
X-ray sources are observed to move parallel to the UV
ribbons with mean velocity in the range 30 - 60 km/s.
The left-hand footpoint, F1, reverses direction on two
occasions. The hard X-ray sources also move perpendic-
ular to the neutral line with a mean separation velocity
of 12 km/s.
To the best of our knowledge, the only previous clear
observation of footpoint reversal behaviour was made by
Chen & Ding (2006), who observed similar ‘zig-zag’ mo-
tions in a white-light footpoint from the 2002 September
30 flare. Such an observation poses fundamental ques-
tions about the nature of flare energy release, particularly
due to the simultaneous observation of QPP; during this
event there are approximately 10 discernable pulses in
the X-ray lightcurves (see Figure 1). Further questions
are raised by the fact that the hard X-ray source loca-
tions associated with the peak times of the pulsations
appear to be randomly distributed throughout the flare
arcade (see Figure 3a).
Figure 3 presents measurements of additional directly
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observable properties of the arcade, including the ther-
mal X-ray source motion, magnetic field properties, foot-
point separation and flare shear. We can see that, al-
though the locations of the 10 measured pulses are closely
associated with the UV ribbons, and tend to be associ-
ated with regions of significant photospheric magnetic
field, they are not necessarily associated with the re-
gions of strongest magnetic field (Figure 3b). Over longer
timescales it can be seen that many of the measured
properties exhibite general trends. For example, the esti-
mated flare shear angle of the reconnecting loops shows
a decreasing trend over the long term, consistent with
previous observations that reconnection begins with the
most sheared regions of the arcade and progresses to less
sheared regions (e.g. Masuda et al. 2001; Su et al. 2007;
Liu et al. 2009). Meanwhile, the hard X-ray footpoint
separation gradually increases over time, while the ratio
of the photospheric field underneath footpoints F1 and
F2 shows a trend towards equalisation. However, in each
case the behaviour over shorter timescales is fluid.
A similar discrepancy between short and long
timescales is observed in the comparison between the
thermal and non-thermal X-ray source motion. In the
longer timescale the thermal and non-thermal behaviour
is consistent, with the thermal source exibiting smooth
motion at least partly associated with height increase,
while the hard X-ray sources grow further apart at a
rate of v ≈ 12 km/s. This is also consistent with the out-
ward expansion of the UV ribbons. However, at shorter
timescales, the motion of the hard X-ray sources parallel
to the flare ribbon and the reversing motion of F1 does
not appear to correspond to any fine structure in the
thermal source motion.
The UV ribbons move apart a velocity consistent with
the outward motion component of the hard X-ray foot-
points during the flare impulsive phase. The integrated
emission from these ribbons is strongly correlated with
the hard X-ray emission (see Figure 5 and Figure 7).
However, the brightest points in the UV emission from
each ribbon are not cospatial with the associated bright-
est hard X-ray footpoints during the early flare times,
(see Figures 5,6) with offsets of 5 - 10” between 06:24 -
06:30 UT . Beyond 06:32 UT the locations of the hard X-
ray and UV brightest areas become approximately cospa-
tial. Similar to the contrast between the X-ray thermal
and non-thermal motions, the UV and hard X-ray be-
haviour is consistent over longer timescales but not over
short timescales. The rapid motion of the X-ray foot-
points along the flare ribbons has no noticeable UV coun-
terpart. Instead, the brightest areas in the UV emission
remain approximately static as the flare progresses, ex-
cept for their gradual outward expansion.
In order to understand whether there is a relationship
between the short-timescale behaviour of the measured
flare properties and the hard X-ray and UV lightcurves,
we carried out correlation studies as detailed in Section
2.5. It was shown that the QPP observed in hard X-
ray and UV emission is only weakly correlated with the
estimated shear angle, hard X-ray footpoint location,
and footpoint separation, and uncorrelated with the es-
timated magnetic field properties underneath the X-ray
footpoints. This lack of correlation is in contrast to the
results obtained in some previous studies of footpoint
motion and magnetic field properties (e.g. Krucker et al.
2005; Temmer et al. 2007).
One possible interpretation of the hard X-ray motions
and pulsations in this event is that magnetohydrody-
namic waves excited in the flare arcade by the main en-
ergy release drive the short timescale behaviour. For ex-
ample, Nakariakov & Zimovets (2011) recently proposed
that slow waves are capable of propagating and reflect-
ing along flare arcades, which could in principle explain
both footpoint motion and the generation of X-ray pul-
sations (see also Gruszecki & Nakariakov 2011). How-
ever, if QPP were indeed generated as a secondary effect,
such as via propagating MHD waves, then greater corre-
lations between the measured flare parameters might be
expected - for example, in the Nakariakov & Zimovets
(2011) model the characteristic timescale of lightcurve
pulses should be a function of the footpoint or ribbon
separation. Additionally, it can be surmised from Figure
3a and Figure 3b that the spatial distribution of the X-
ray pulses does not follow an obvious pattern along the
arcade, as might be expected from such a model. A fur-
ther limitation is that, in order to account for the 2011
June 7 observation, it would have to be shown that these
slow waves can also reflect and reverse direction along a
flare arcade.
Alternatively, X-ray pulses and footpoints can be
considered as a direct signature of quasi-oscillatory
or ‘bursty’ reconnection (e.g. Linton & Longcope
2006; Murray et al. 2009; Guidoni & Longcope 2011;
McLaughlin et al. 2012a,b). In this scenario, the lo-
cation, extent and motion of the reconnection site(s)
remains unclear, although it might be expected that the
observed QPP would be related to the estimated coronal
reconnection rate Erec. However, estimation of this
quantity based on the observed footpoint motion and
photospheric field may be too great an oversimplification
during a flare’s impulsive phase (Fletcher et al. 2011).
For the 2011 June 7 event, the overall motion of the
thermal X-ray source shows possible motion both par-
allel to the arcade and increasing in height, but shows
little evidence of fine structure that might correlate
with the hard X-ray source motions. Meanwhile the
observed hard X-ray footpoint reversals imply movement
of particle acceleration regions along the arcade or the
presence of multiple, discrete reconnection sites. This is
further complicated by the spatial offset of the brightest
points in the UV ribbons from the brightest hard X-ray
footpoints, particlarly early in the impulsive phase.
Regardless, there is no obvious explanation for the
observed reversal of hard X-ray footpoints.
The lack of correlation between the short-timescale
footpoint motion and the other observed arcade parame-
ters, in contrast with the strong correlation between the
X-ray and UV lightcurves, leads us to conclude that the
true driver of QPP in this flare is an as-yet unobserved
property of the flare reconnection region. The observed
arcade parameters, such as the locations of hard X-ray
sources and the photospheric field underneath the foot-
points, are secondary considerations which are broadly
independent of the spatially integrated emission during
QPP. By contrast, the long-term behaviour of both the
X-ray and UV emission is explained via a gradual expan-
sion of the arcade and increase in height of the recon-
nection region, consistent with the standard flare model.
These observations present a challenge for current mod-
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els of flare energy release.
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